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AlGaAs epitaxial films were stored under different environmental conditions and the resulting
surface oxidation and contamination variations measured with several analytical techniques. Auger
depth profiles confirmed that contamination had been confined to within approximately 10 nm of the
surface for all specimens stored in controlled environments for over three years. We also performed
an atomic force microscopy study on a multilayer structure, measuring the height of the oxides
formed in air. Surface contamination was examined in more detail with time-of-flight secondary ion
mass spectrometry and x-ray photoelectron spectroscopy. Surface oxides changed over time, and
could be altered by sputtering. Sputtering was particularly effective in removing hydrocarbons.
Based on these results, AlGaAs reference films forx,0.4 should remain stable for at least five years
if stored in either nitrogen or vacuum environments, with allowance for periodic handling in air.
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I. INTRODUCTION

AlGaAs compounds are known to be sensitive to oxy
contamination, particularly when the specimens are epit
layers with high mole fractions of Al. In this article, w
report on a controlled study of the effects of different stor
environments, including N2, vacuum, and short-term exp
sure to room air, on epitaxial structures of GaAs and
GaAs. Our primary goal was to determine acceptable sto
conditions for composition standard specimens for epita
layers of AlGaAs. The data here show that with reason
care, surface contamination can be kept to a minimum
storage periods of at least three years. Conventional su
science methods, such as Auger depth profiling and x
photoelectron spectroscopysXPSd, demonstrated that co
tamination was limited to oxide and hydrocarbon spec
within the detection limits, and confined to within 10 nm
the surface. Storing specimens in vacuum or N2 led to a
reduction in oxide contamination, but incidental exposur
air was not damaging except for a specimen containing
AlAs.

The detailed nature of the surface contamination an
alteration through sputter cleaning were examined with t
of-flight secondary ion mass spectrometrysTOF-SIMSd. Be-
cause TOF-SIMS can detect species present at less
0.01 at. % on the surface, the scans contain a large amo
data that can lead to an overall impression of high cont
nation levels. The dominant species detected in the po
ion mode, however, were elemental Ga and Al. Before s
tering, these species represented approximately 50% o
ions detected, and after sputtering this figure increase
around 90%. The dominant As-containing species in
scans are oxides, but this observation probably reflect
fact that As prefers to form clusters when in vapor fo
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Furthermore, these clusters may remain neutral and the
escape detection. The relative intensities of the various
lecular species are interesting for the insight they give
the surface chemistry of the oxidation and hydroca
accumulation.

II. EXPERIMENT

All specimens were grown with molecular-beam epit
at substrate temperatures between 580 and 600 °C. G
was initiated with a thermal oxide desorption followed
GaAs buffer layer approximately 0.4 to 0.6mm thick. All
layers were lightly doped with Si to an approximate ato
concentration of 0.1 to 231017 cm−3. Detailed description
of the wafer structures are given in Table I. For Wafer L1,
Al mole fraction in the various AlxGa1−xAs layers was set b
varying the relative duty cycle between Al0.5Ga0.5As and
AlAs or GaAs with a 2 nm periodicity. For Wafer L2, the
flux was varied to achieve different mole fraction except
the x=0.9 layer, which was grown with alternating AlGa
and AlAs similar to layers in L1. Al mole fractionx was
determined from growth rate measurements to an uncer
of 0.015 based on reflection high-energy electron diffrac
intensity oscillations.1

Pieces of Wafer L2 were stored under a variety of co
tions and examined with TOF-SIMS immediately a
growth and then again after storage for 24 months. The
faces of the specimens were intentionally scratched w
scribing tool; however, no anomalies were visible near
scratches, even when viewed with scanning electron mi
copy. Three storage environments were used: A storag
with continuous N2 purges“N 2 box”d, a sealed vessel fille
with N2 s“N 2” d, and a sealed vessel evacuated to less
10 Pas“Vac” d. The N2 and vacuum vessels went through
cycles of evacuation and repressurization with clean nitr
before being left in the appropriate final state. Specim

that were placed in the N2 purge box were located near the
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back of the box, and the box door was opened about on
twice per day as part of normal laboratory use. For sto
within the two sealed vessels, specimens were placed in
vented polypropylene wafer carrierss“poly” d, and glass Pet
dishess“glass”d. Before loading with specimens, carriers a
glass dishes were cleaned with acetone, isopropanol, an
ter, and then allowed to dry. The specimens in the N2 box
were in nonvented polypropylene wafer carriers. A s
specimen was stored in a transparent hard-plastic box
silicone gel membrane with medium tack sold for transp
ing semiconductor specimens. In addition, the specime
amined just after growth was stored in airs“Air” d in a poly-
propylene carrier and re-examined after the 24 m
storage period. In the six months between the TOF-S
and XPS measurements on this specimen set, the spec
were maintained under a high vacuum.

Wafers AL30, AL62, and AL100 had been stored in
purged N2 box for 43 months before the Auger spectrosc
measurements. The specimens had been expose
10 to 20 h of room air prior to being loaded into the vacu
analysis chamber. Two of these specimens, “AL30 Air”
“AL62 Air,” were then stored in polypropylene carriers in
for an additional eight months before re-examination w
TOF-SIMS. Specimens from all three wafers that had b
stored only in the purged N2 box sfor a total of 51 monthsd
were also examined with TOF-SIMS. An additional sp
men from Wafer AL100 was stored in air and began to s
signs of surface decomposition within one month. The
composition began as small blisters that grew in size
density over time, growing to a size around 1003300 mm2

and covering about one-quarter of the surface area afte
months in air.

TOF-SIMS is a mass spectrometry method with high
sitivity to surface layers and excellent mass resolution.
these experiments, the mass resolution wasM /DM =6600 a
28Si. The intensity of peaks from scan to scan was repro
ible to about 10% for peaks with more than ten counts
general, surfaces with higher concentrations of hydrocar
and surface oxides had a higher ion yield than the cle
surfaces. In order to maintain a picture of the relative c
centrations of the different species within a scan, the
counts were normalized to a total of 100 000 counts.
TOF-SIMS data were acquired using a69Ga source operatin
at 25 keV. The background pressure in the TOF-SIMS ch
ber was about 4310−7 Pas3310−9 Torrd. Spectra were firs

TABLE I. Wafer descriptions.

Wafer name Al mole fractionssd x

AL30 0.30
AL62 0.62
AL100 1.00

L1 0.20 to 0.90
L2 0.18, 0.41, 0.70, 0.90
collected from the as-received surface over an area of 10
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3100 mm2. A single dc sputter cycle was then perform
over a larger areas1503150 mm2d, and additional spect
acquired from the central region. The ion dose did not
ceed 1012 cm−2 for spectra taken prior to the dc sputter cy
A new area of the sample was used for each series of sp
and sputter cycles. The average depth of the sputtered c
was 3 nm as measured by a profilometer. Separate
were taken for positive and negative ions, covering a r
up to at least 600 amu, for a total analysis time of 10
Because69Ga ions were used for sputtering and produ
the ion counts, we display only peaks containing71Ga in the
plots that follow, unless otherwise noted. This precau
was not critical, however; the Ga peaks were distorte
less than 1% from the standard terrestrial isotope dist
tion, indicating that Ga implantation and collection of
atoms from the ion beam were negligible.

Auger spectroscopy depth profiles were taken with a 5
20 nA primary electron beam that was rastered over an
of approximately 400mm2. Sputtering was done with
3 keV Ar+ beam at 15mA/cm2 at a rate of 50±10 nm/mi
The XPS data were taken with Al radiation of 1486.6 eV
pass energy of 188 eV, and a take-off angle of 60°
respect to the sample plane. Atomic concentrations wer
rived from numerically integrated peak areas of the Ga 2p3/2,
the As 3d doublet, O 1s, and C 1s photoelectron lines. Th
data analysis for both Auger and XPS was performed
elemental sensitivity factors in the software provided by
instrument manufacturer. The relative accuracy of these
centration determinations was 5%.

III. RESULTS

As a first measure of oxidation rate and its dependenc
Al mole fraction, Specimen L1 was cleaved to expose a f
surface perpendicular to the growth direction and sca
with atomic force microscopysAFMd in tapping mode. Th
difference in height between the AlGaAs stripes and the
rounding GaAs layers is plotted for two total air expos
times in Fig. 1. As expected from studies of native oxide
AlGaAs,2 the oxide height increases with Al mole fraction
a highly nonlinear fashion, and the higher mole fract
show that oxide growth continues even after 24 h of air
posure, though at a slower rate. The data indicate that s
mens withxø0.4 can tolerate several hours of air expos

GaAs
ckness

GaAs spacers
sif multilayeredd

GaAs
cap
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mm ¯ 5 nm
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To explore the efficacy of controlled storage conditio
specimens from Wafer L2 were stored as detailed abov
24 months and examined with TOF-SIMS and XPS. As
be demonstrated, the surface contamination was confin
a very thin layer, and therefore was characteristic of
GaAs cap. The dominant peaks in the TOF-SIMS data
Ga and hydrocarbons in the positive ion spectrum, and Ax
and GaOx or GaH2O fragments in the negative ion spectru
To assess the thickness of the contamination layer,
specimen was sputtered as described above, removing
3 nm of material. Figs. 2 and 3 show a selection of hy
carbon peaks and oxide peaks, respectively, both befor
after sputtering. Overall contamination by hydrocarb
sFig. 2d was inferred from the peak intensities for low-m
fragments of larger hydrocarbon molecules. These pea
tensities were reduced by about a factor of 20 by the s
tering cycle. The XPS data for C 1s fright axis, in Fig. 2sad
onlyg confirmed that these peaks are representative of ov
hydrocarbon contamination. Most specimens were simil
their degree and types of contamination. The “as-gro
specimen had noticeably less overall hydrocarbon con
nation. sData after sputtering were not available for the
grown specimen.d

The specimen stored on silicone gel had a very st
peak at 147 amu, corresponding to Si2C5H15O, one of the
mass peaks associated with silicone. Although this parti
peak is lower in intensity than the smaller hydrocarbon f
ment peaks found on the other specimens, there are
tional amine and hydrocarbon peaks associated with sili
oils that bring the total hydrocarbon mass to a higher v
than for the other specimens. Silicone oils are widely use
release agents in molded plastics, in thermal pastes, a
vacuum lubricants. Although they have relatively low va
pressures, they are not readily removed with common
vents shexane being perhaps the most effectived. The mas
spectrum from the silicone storage specimen was disti
different from all the others, implying that the silicone eit
displaced some of the other hydrocarbons or prevented
from accumulating in the first place. The detection limit
silicon from all sourcessorganic and inorganicd under the
TOF-SIMS conditions used for this experiment is estim
to be between 1016 and 1017 atoms/cm3. This implies that th
Si concentration on the surface of the silicone storage s

19 20 3

FIG. 1. Oxide height measured with AFM for layers of various Al m
fraction following a fresh cleave of Specimen L1 and two cumulative
exposure times of 23 and 44 h.
men is between 3310 and 3310 atoms/cm. Many ana-
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lytical methods will not be sensitive to the silicone conta
nation; there was no detectible Si peaks,1 at. %d in Auger
spectroscopy for any of these specimens.

In contrast to the hydrocarbons, the oxide relative p
intensity either stayed the same or even increased after
tering sFig. 3d. The oxide peaks for AsOx and GaOx are
summations of peaks withx=1 to 3 andx=1 to 2, respec
tively. Storage in the vacuum led to the lowest amoun
surface oxide, although the N2 vessel and N2 box environ-
ments also appeared acceptable. The difference be
polypropylene containers and glass was not significant g
the specimen-to-specimen variability. The specimens in
silicone storage environment had lower overall oxide pe
but as discussed above, this specimen also had high h
carbon contamination. The XPS O 1s data indicated tha
oxygen, including oxygen from silicone oils, was highes
this specimen. The sputtering cycle did not affect the
AsOx peak intensities, but did lead to anincreasein GaOx

signals. The simplest explanation for this effect is that
sputtering cycle removed hydrocarbons and thereby exp
underlying Ga oxides.

Perhaps, the most surprising result was that the as-g
specimen had the highest AsOx peak intensities. This spe
men also had the lowest hydrocarbon contamination,
both the XPS data and the TOF-SIMS data in Figs. 2sad and
3sad supported an inverse relationship between oxides
hydrocarbons. This could reflect either obscuration of
oxide by hydrocarbons or a tendency for oxides to be
reactive with hydrocarbons, a well-known phenomeno
metals.3 Oxide species may also be transforming to b
forms from the intermediate oxides4,5 such as GaAsO4. As
shown in Fig. 3, the percentage of AsO3 fragmentssrelative
to total AsOxd increases with greater exposure to air an
anomalously low for the silicone gel storage. The silicone
may have protected the surface from oxidation, althoug

FIG. 2. TOF-SIMS counts for various representative hydrocarbon specsad
before andsbd after sputtering to 3 nm. Note that vertical axis ranges d
by a factor of 20. Silicone oils are indicated by a fragment peak at 147
The lines connecting the points are included as a guide for the eyes. S
time was 24 months.
the expense of much higher hydrocarbon contamination. The
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increase in GaOx species after sputtering could be partia
explained by the thermodynamically driven6 conversion o
As2O3+2GaAs→Ga2O3+4 As. Because the AsOx peaks
were still significant after sputtering, this oxide transform
tion cannot explain the entire increase in the GaOx species
We therefore conclude that the peak intensities follow
sputtering are the best measure of the overall degree o
face oxidation, because obscuration by hydrocarbons
been removed, but that further work is needed to asses
stability of oxide contamination.

FIG. 3. TOF-SIMS counts for oxide species signalssad before andsbd after
sputtering. The percentage of the total AsOx counts represented by As3
fragments is also indicated against the right axis.
J. Vac. Sci. Technol. B, Vol. 23, No. 3, May/Jun 2005
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The surface of L2 consisted of a relatively thick laye
GaAs, so we also conducted studies of Wafers AL30, A
and AL100 to see whether aluminum at or near the su
strongly affected contamination. The specimens were
examined with Auger depth profiling. The surface lay
contained C concentrations between 17 and 25 at. % a
between 16 and 22 at. %, with all other contaminant
ments being below the detection limit in broad survey sc
After the first sputtering cycle and its removal of 10±2
of material, both the C and O signals had reached b
ground levels.

Some of the details of these contamination layers
shown in the TOF-SIMS data in Fig. 4. The highest am
of surface Al was evident on Specimen AL30, and som
had diffused through the 5 nm GaAs cap layers to the su
on AL62 and AL100. As shown in Fig. 4sad, the contamina
tion with conventional hydrocarbons, represented by
C3H5 fragment peak, was similar for all specimens reg
less of Al content. Storage conditions for the AL series sp
mens were not as well controlled as for Wafer L2, and
greater variability in the silicone and metal ionsnot shownd
signals suggests incidental contamination. As with the
discussed above for L2, the silicone appeared to be cov
surface oxides, in that the AsOx and GaOx peak intensitie
followed an inverse trend relative to the silicone peaks. A
sputteringfFig. 4sbdg, the silicone peaks were reduced to
than 1 count, the other hydrocarbon peaks fell to around
counts, and the surface oxides became the dominant
taminants. As would be expected, the specimens with
surface Al had higher AlOx peaks, represented in the fig

FIG. 4. TOF-SIMS counts for oxid
hydrocarbon, and Al species
specimens with Al near the surfa
sad before andsbd after sputtering
One data set from L2 is also includ
for comparison. The silicone ma
peak was below ten counts af
sputtering, and again was omitt
from sbd for clarity. The GaOx counts
were multiplied by 2.5 to include th
contribution of69Ga species.
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by the sum of the two dominant Al oxide peaks, AlO a
AlO2. The total counts from the group-III oxide peaksssum
of GaOx and AlOxd increased with Al content regardless
storage condition, but even on the specimens with the h
est Al content, oxides comprised less than 20% of the
count. We therefore find no evidence for extensive or d
oxidation in the AlGaAs specimens, except for the degr
tion of AL100 in air.

IV. CONCLUSIONS

The GaAs and AlGaAs surfaces examined in this s
were relatively clean, with hydrocarbon contamina
mostly in the outer 3 nm and oxides persisting somew
deeper but no more than 10 nm. Vacuum storage env
ments appeared to be effective at reducing oxidation
though the differences among vacuum, N2, and medium-term
air storage were small and appeared to be correlated
hydrocarbon contamination in a complex fashion. Incide
exposure to air was not much worse than these environm
except for the specimen of pure AlAs with a thin GaAs c
Using clean plastic tweezers and clean storage conta
should minimize contamination by hydrocarbons and me
Silicone gels added more contamination than the other
ronments and should be avoided for storage of standar

The impact of the surface contamination layer on com

sition determination will depend on the surface sensitivity of
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the compositional analysis technique. For many analy
methodssdynamic secondary ion mass spectroscopy,
tron microprobe, photoluminescence, and x-ray roc
curvesd, the sensitivity to a thin contamination layer is sm
and likely to cancel out in a comparison of unknowns
standards for analysis of Al mole fraction. When using m
ods with high surface sensitivity, such as Auger, XPS,
TOF-SIMS, both standards and unknowns will require s
type of in situ cleaning, such as sputtering.
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